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Soft robots require a seamless integration with sensors and actuators that are facile to
manufacture in scalable areas with a low-cost and minimum footprint. The sensor materials
must have a high reliability, sensitivity and stability, and their mechanical features should
match the sensing requirements of soft robots such as minimal response time and
nonlinearities of hysteresis and relaxation. A resistive type sensor based on the synthesis of
poly(glycerol secabate) (PGS) with a foam-like structure with an outstanding mechanical,
electrical, and electromechanical properties was developed. These foam sensors presented
high sensitivity (Gauge Factor ~ - 9), very fast response (≤ 3 ms), negligible hysteresis,
reliability and long lifetime (> 1,200,000 cycles), and a pressure differential sensitivity of 34
Pa. These foam sensors can detect accurately low and high frequency vibrations (up to 300
Hz), small forces (200 mN) that cover the very low detection range of metallic strain gauges
and the very large detection range of elastomeric strain sensors. These characteristics closely
match those of human fingertip, and hence pave the way towards tactile and compliant
sensing elements embedded in prosthetic hands. This work demonstrates prospective
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applications for unexplored resistive type sensors to meet the sensory requirements of soft
robotic systems.

1. Introduction
Soft robotics is a rapidly developing field exploring novel soft robotic systems based on soft
and smart materials with tunable mechanical, electrical and rheological properties. Soft robots
are ideal to operate in dynamic environments and alongside humans due to their inherent
ability to safely interact and conform to their physical environment. However, the
introduction of such robots in our daily life demands low cost, low weight, low power, easily
scalable and manufacturable novel actuation and sensing concepts which can be seamlessly
incorporated into their mechanical structure. [1] Smart materials that combine sensing and
actuation offer remarkable opportunities to design novel classes of robots that address the
challenges and limitations of traditional mechatronic systems. [2] These materials can be
integrated in diverse robotic systems such as soft prosthetic hands, soft grippers, locomotion
robots and humanoid robots.
Flexible, stretchable and compliant sensors are more and more demanded as wearable devices
for speech recognition, electromyography, blood pressure measurement and human body and
joint movements monitoring. [3] Also, these soft sensors are ideal for curvilinear structures
involved in soft robots. [1-2] The development of such sensors that can be seamlessly
integrated in various human-machine interfaces require novel designs of heterogenous and
hierarchical material structures with multifunctional capabilities. Moreover, the development
of such sensors for soft robotic applications should take into consideration biodegradability to
ensure that they are eco-friendly [2, 4] and sustainable. [5]
Silicone based elastomers such as polydimethylsiloxane (PDMS), Ecoflex, Dragon Skin and
synthetic rubbers based on butadiene and styrene copolymers [3a, 6] are some of the most used
elastomers to develop soft and stretchable sensors for soft robotic systems. Also, most of
2

these materials can be used in several applications requiring direct contact with the human
skin or body fluids since they are biocompatible. However, these materials are not
biodegradable and their disposal after usage raises critical issues related to the increasing
amount of electronic waste generated and its negative impact on the environment.
There are different strategies to fabricate soft resistive type sensors. The most common
approach involves blending low-dimensional carbons (e.g. carbon black (CB), carbon
nanotubes (CNTs) and graphene), metallic nanoparticles or nanowires, and their hybrid
micro/nanostructures [3a, 7] with a stretchable polymer matrix. Various design and fabrication
strategies have been employed to obtain stretchable structures such as wave and islandinterconnect configurations, mesh structures, fractal design approaches and origami and
kirigami structural configurations. [4, 8] Polymeric foams blended with carbonaceous
conductive fillers are gaining more attention as resistive sensors due to their simple, scalable,
enabling large area, and low-cost manufacturing process. However, these resistive sensors
lack sensitivity, and most importantly stability over time and reversibility due to the collapse
and densification of their porous structure shortly after a few hundred mechanical cycles and
consequently leading to their premature failure. [5, 9]
Biodegradable polymers are barely studied for electronic skin applications (e-skin) due to
their poor mechanical properties and lack of stretchability. However, poly(glycerol sebacate)
(PGS), which is an elastomer obtained from the polycondensation of glycerol and sebacic
acid, has a potential for biomedical applications since it is both biodegradable and
biocompatible. [6] PGS has favorable properties like low energy absorption, high
stretchability, tunable elasticity and flexibility. These properties are very similar to the
mechanical properties of the human skin. [6, 10] The processing of this green material involves
the synthesis of the PGS prepolymer which is then cured at low pressure and temperature in
the range of 90 to 150 ºC. [6]
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Nanocomposite resistive sensors based on PGS films blended with carbonaceous conductive
fillers (CNTs and graphene) showed favorable mechanical characteristics like low mechanical
hysteresis, high stretchability and electromechanical sensitivity. [10b, 11] These key features are
essential for the development of sustainable electronic sensors for diverse soft robotic devices
and for reducing the electronic waste produced by robotic devices.
Herein, the synthesis, performance quantification and applications of novel and sustainable
soft strain sensors with a foam-like structure that can be integrated and directly used in
diverse soft robotic devices and human-machine interfaces.
The soft porous and elastic sensors proposed in this study showed an outstanding
performance. They have multiple advantages including high sensitivity, fast response (≤ 3
ms, with a bandwidth well above 300 Hz)), very low hysteresis, stability over time,

repeatability and reliability with a very long lifetime (> 1,200,000 cycle) and remarkable
elastic behavior with very minimal mechanical damping. These sensors are highly sensitive as
they can detect very small deformations in the lower limit of metallic strain gauges (200 mN),
as well as very large deformations comparable to elastomeric resistive sensors. In addition,
the mechanical and electrical properties of these nanocomposite foam sensors can be tuned to
meet specific requirements by controlling the synthesis of the polymer during the fabrication
process. Finally, these soft sensors can be tailored to diverse applications including vibration
sensors for high and low frequency vibration detection, wearable sensors for walking pattern
monitoring and speech detection, highly sensitive compression sensors for very small force
detection, touch sensors for soft and interactive human-machine interfaces and soft adaptive
grippers. This work demonstrates prospective applications of novel soft resistive foam sensors
that meet the future challenges of soft robotic systems.
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2. Results and Discussion

2.1. Physical characterization of nanocomposite sensors
The morphology of the MWCNT-PGS scaffolds is shown in Figure 1. Once the cured sample
is detached from the mold and immersed in deionized water, the NaCl is quickly dissolved
due to the hydrophilic behavior of the PGS matrix. [12] The water spreads on the top of the
sample dissolving the porogen that is on its surface and it penetrates inside of the new formed
pores dissolving the NaCl crystals that are entrapped inside the sample. The nanocomposite
scaffolds have open and interconnected porosity characterized by large pores (150 – 300 µm)
formed by the porogen crystals. Also, small pores (≤10 µm) are formed on the walls of the
polymer matrix due to the NaCl crystals intimate contact and residual water evaporation that
occurs during the curing of the PGS matrix (Figure 1A to D). The nanocomposite samples
showed similar morphology to the pristine PGS, and it’s also characterized by the absence of
conductive filler clusters, which demonstrated that the ultrasonication procedure led to the
disentanglement of the MWCNTs agglomerates and promoted a good dispersion of the
conductive filler into the polymeric matrix. The foam samples have low density and could
stand on top of a dandelion (see inset of Figure 1B, Table S1 shows the density of the foams
and of the MWCNT-PGS samples). The foam presented and overall porosity of 93 ± 2 %,
regardless of the amount of conductive filler added to the matrix (Figure 1E).
The electrical conductivity (𝜎𝜎𝑐𝑐 ) increased with the amount of MWCNTs added to the

prepolymer mixture, leading to a quasi-plateau for the highest volume fractions of MWCNTs
(Figure 1F). The critical amount of filler needed to establish a conductive network [13], also
known as percolation threshold (𝜙𝜙𝑐𝑐 ), can be obtained using the classical percolation theory:
𝜎𝜎𝑐𝑐 ∝ (𝜙𝜙 − 𝜙𝜙𝑐𝑐 )𝑡𝑡

(1)
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where, 𝜙𝜙 is the weight fraction of the conductive filler added to the nanocomposite. The
conductivity exponent (𝑡𝑡) which generally reflects the dimensionality of the network is
usually around 1.33 for a 2D network

[14]

and ~2 for a 3D network [13, 15]. The inset in Figure

1F shows the best curve fit of the experimentally measured conductivity for the foam samples
as a function of (𝜙𝜙 − 𝜙𝜙𝑐𝑐 ). A percolation threshold of 3.3 ± 0.2 wt% and a conductivity

exponent of 2.4 ± 0.1 (𝑅𝑅 2 = 0.997) was found for the MWCNT-PGS foam samples,

suggesting a 3D conductivity network path, which is in accordance with the interconnected
porous structure of the samples shown in Figure 1A to D. Furthermore, the incorporation of
MWCNTs before curing the elastomer creates new sites where the polymer chains can attach,
resulting in an increase of distance between two adjacent conductive fillers and consequently
increasing the barrier for the electrons to hop between conductive fillers.
The effect of the conductive filler on the mechanical performance of the nanocomposite
samples was studied through quasi-static mechanical measurements (Figure 1G). All foams
presented a linear elastic deformation up to 50% strain, followed by a sharp increase in the
stress due to pore densification at higher strains. Furthermore, the compression strength of the
nanocomposite foams increased with an increase in the amount of MWCNTs added to the
elastomeric matrix (Figure 1G).
The samples where submitted to cyclic mechanical loading for a maximum strain of 50% and
the amount of mechanical energy lost through heat was negligible, a characteristic of
“perfect” elastomers (Figure S1 shows the hysteresis behavior for the foam sensors). The
hysteretic behavior of the nanocomposite samples suggests a strong interaction between the
conductive fillers and the polymer matrix.
Pol(glycerol sebacate) foams presented an elastic modulus (𝐸𝐸) of 16.2 ± 0.9 kPa, and the
incorporation of MWCNTs led to an increase of 𝐸𝐸 up to 37.9 ± 0.9 kPa, observed for the

sample with 7 wt% conductive filler (Figure 1H). This behavior demonstrates that the

incorporation of the filler hampers the polymer chain movement during sample mechanical
6

compression, resulting in a more efficient load transfer across the interface between the
polymer chains and the MWCNTs.
It was reported that the skin elasticity modulus ranges between 200 and 350 kPa where the
lower bound value is for the forearm dermis and the upper bound value is for the palm
dermis. [16] Interestingly, the developed nanocomposite polymeric based foams showed a
compressive modulus that is 80 % lower compared to the modulus of the forearm dermis,
which makes them outstanding candidates for wearable sensors and artificial skin to monitor
human motion with minimum mechanical constraints.
The cross-linking density (𝑛𝑛) of the PGS and MWCNT-PGS nanocomposite foams can be
calculated using the following expression:

𝑛𝑛 =

𝐸𝐸
𝜌𝜌
=
3𝑅𝑅𝑅𝑅 𝑀𝑀𝑒𝑒

(2)

where 𝑇𝑇 is the absolute temperature (295 K), 𝑅𝑅 is the universal gas constant and 𝑀𝑀𝑒𝑒 is the
average molecular weight between cross-links. The cross-linking density represents the

number of network chains per unit of volume that actively contributes to the mechanical
performance of the foam samples. The value of 𝑛𝑛 is not only affected by the physical
entanglements of the polymeric chain, but also by the new chemical attachment sites

promoted by the surface of the MWCNTs. [10-11, 17] When the conductive fillers are added to
the prepolymer prior to curing, an increase of more than two-fold in cross-linking density was
observed for the sample with 7 wt% MWCNTs (Figure 1H, Table S1 shows the evolution of
the 𝑀𝑀𝑒𝑒 with the amount of conductive filler added to the polymer).

The 𝑀𝑀𝑒𝑒 reveals that the amount of chain portions bound at both ends by active network chain
segments [18] decrease from 1000 kg/mol for pure PGS down to 415 kg/mol for the sample

with 7 wt% MWCNTs (Table S1). The behavior observed for 𝑛𝑛 and 𝑀𝑀𝑒𝑒 demonstrates that the
7

conductive filler contributes not only to the physical entanglement, but also to the chemical
cross-linking between the polymeric chains through the active sites on the surface of the
MWCNTs, improving mechanical loading transfer and is an interesting feature for
applications where mechanical creep and relaxation are an issue.

2.2. Electromechanical Characterization of the Sensor
Based on the electrical conductivity analysis, the sample with 7 wt% of MWCNTs was
chosen to study the piezoresistive behavior of the elastomeric foams developed due to its
stable conductivity. When a compressive cyclic load is applied on the foam, its electrical
response (∆𝑅𝑅�𝑅𝑅 ) decreases with an increase in the strain applied and recovers to its initial
0

resistance when the mechanical load is removed (𝜀𝜀 , Figure 2A). The Gauge Factor (GF), that

is a measure of the sensor sensitivity, is critical for the evaluation of the nanocomposite foam
sensor performance, and is defined as:

𝐺𝐺𝐺𝐺 =

(∆𝑅𝑅�𝑅𝑅 )
𝜀𝜀

(3)

0

MWCNT-PGS foam piezoresistive sensors showed a maximum GF of -9.1 ± 0.9, when a
cyclic strain was applied (𝜀𝜀 = 10 %). When higher strains were applied the GF decreased to

reach a minimum of 1.0 ± 0.5 at 50 % strain (Figure 2B). The evolution of the GF with the
applied stroke speed revealed that for small deformations, there was an increase in the GF
from -4.4 ± 0.3 at a stroke speed of 5 mm/min down to -9.1 ± 0.9 at a stroke speed of 40
mm/min as shown in Figure 2C. The developed elastomeric foams have an outstanding

sensitivity, reaching GF values that are 9-fold higher than monolithic graphene foams, [19] 4
times higher compared to the GF of graphene-polyurethane sensors, [9b] MWCNT-rGO
polyurethane foams [5] and gold nanoparticles blended with polyurethane. [20] In addition, the
8

foam sensors have superior sensitivity compared to conventional metallic strain gauges
(𝐺𝐺𝐺𝐺 ≅ 2). [21] Similarly, the MWCNT-PGS foam sensors present a superior sensitivity when
compared with PGS films blended with MWCNTs that have a negative GF value between -

0.8 and -0.5 when stretched [10a], demonstrating that the geometry of the piezoresistive sensor
plays a critical role in its sensitivity and performance.
As shown in Figure 2D, a step strain (𝜀𝜀 = 10, 20 and 50 %) was applied to the sensor to study
its repeatability. The porous sensor generated a repeatable signal for a wide range of applied
strains (10 to 50%), with no noticeable overshoot during the compression stage. However,
when the universal testing machine was returned to its initial position (𝜀𝜀 = 0 %) a slight

overshoot was observed. The peaks associated with the release of the compression stress are
due to the high surface roughness of the foam sample and the contact between the foam
sensor and the conductive metallic electrodes. When the compressive load was released, the
resistance of the sensor returned to its original value (𝑅𝑅0 ) which proved that the foam is

robust and have a strong elastic behavior (Figure 2D).

The mechanical and the electrical relaxation were assessed by applying a constant
deformation (𝜀𝜀 = 10, 20 and 50 %) to the piezoresistive elastomeric foam. Figure 2E shows

the response of the foam sensor when it was compressed by a strain of 50 % for a period of 10
minutes. A stable plateau was observed for the remaining period where the final stress after
was showed a decrease smaller that 4 % compared to the valued measure at 60 s. In addition,
the electrical resistance remained stable without any significant change as shown in Figure
2E. The stress relaxation experiment confirmed that the mechanical response of the polymeric
foam is mainly elastic, the main characteristic of an elastomer [17] and the electrical relaxation
experiment showed that the sensor generated a stable electrical signal for long periods of time
(Figure S3 shows the mechanical and electrical relaxation over time for the sensor at different
applied deformations). [21] Piezoresistive sensors based on liquid carbon grease showed a
large drift of 10% in the electrical relaxation only after 20 s of activation [22] and a significant
9

change in their original resistance upon recovery of their initial shape due to the
rearrangement of the conductive filler. The electrical resistance relaxation of coaxial carbon
nanotubes-polymer fibers occurs at a faster rate when high strains are applied, mainly due to
the reconfiguration of the electrical pathways in the conductive filler. [23]
The lifetime of the developed porous MWCNT-PGS sensor was investigated by applying a
cyclic compression strain (𝜀𝜀 ≅ 16 %, Table S2 shows the applied strain generated by the

electromechanical shaker at different applied frequencies) of 5 Hz which is the frequency
associated with the Parkinson’s disease, [24] and the output electrical resistance of the sensor
is shown in Figure 2F. The sensor sustained more than 1,2000,000 cycles (~60 hours) without
any noticeable change or degradation in performance. Also, the sensor remained functional
and its structure remained intact, demonstrating its elastomeric properties. Graphene-TPU
foams showed a significant drift in their electrical resistance under a compressive cyclic
strain. Only after 10 cycles, the samples could not follow the pattern of the mechanical
deformation applied due to the permanent deformations developed in their structure and the
destruction of their porous structure which inhibited the electrical pathways from recovering.
[9b]

Similarly, printed strain gauges that were bent repeatedly were able to follow the pattern

of the applied mechanical deformation for less than 700 cycles. After that, the resistance of
the sample increased drastically due to developed cracks and fatigue. [25] MWCNT-rGO-PU
foams were able to withstand 5,000 compression cycles, however, one shoulder peak in the
resistance was observed in these foams after 50 cycles which was attributed to the expansion
of the skeleton of the foam that led to an increased discontinuity. [5] The limitations of these
sensors impede their usage in robust sensing applications where repeatable deformations for
long periods are involved as in wearable sensors for real-time human motion monitoring (3).
The MWCNT-PGS porous strain sensors showed remarkable sensitivity, stability over time,
repeatability and reliability, and very long lifetime. The sensors showed a very stable
performance even after more than 1,200,000 activation cycles with no noticeable degradation
10

in performance (Figure S4 shows the details of the electrical signal generated by the sensor
during the lifetime experiment) proving that the electrical behavior of the sensor is mainly due
to the elastic nature of the elastomeric foam. Moreover, the porosity of the foam sensors
induced a homogeneous distribution of stress within their polymeric walls that resulted in an
outstanding stable electrical output signal.

2.3. Applications of the MWCNT-PGS Foam Sensors
The developed piezoresistive foam sensors can be tailored to diverse applications like low and
high frequency vibration detection, soft wearable sensors for speech detection and human gait
monitoring, highly-sensitive force sensors for small force detection, soft keys for interactive
human-machine interfaces and robotic sensors for adaptive grippers and soft robotic systems.
To demonstrate the remarkable sensing capabilities of the MWCNT-PGS foams, a foam
sensor was placed on a bench and an electromechanical shaker, connected to a frequency
generator, was used to compress it at different applied frequencies (1.0 to 300 Hz). A
schematic representation of the setup used is illustrated in Figure 3A. The electrical output
signal of the sample followed the input mechanical signal imposed with outstanding accuracy
as shown in Figure 3B and 3C (See Movie S2), and the electrical output signal matched the
input mechanical load for low frequencies and for very high frequencies reaching 300 Hz.
(See Supplementary Information (Table S2) for detailed information about the shaker
displacement vs the applied frequency). The performance of these porous sensors in terms of
high frequency vibration (300 Hz) sensing is more than 10 times higher compared to carbon
black dispersed in PDMS (25 Hz) reported in the literature. [9a]
A MWCNT-PGS foam sensor was attached to the sole of a shoe to detect the walking and
running patterns of a user. The sensor detected the different movements with excellent
accuracy as shown in Figure 3D. The resistance of the sensor changed dramatically and
consistently upon deforming it by compressing it against the floor. These sensors are ideal for
11

rehabilitation applications requiring human-gait monitoring and analysis. Also, a foam sensor
was placed on the neck of a person to detect various activities such as speaking and drinking.
The sensor showed an excellent response with a relatively large change in resistance in
response to a minimal deformation upon speaking and drinking as shown in Figure 4E. This
result shows that the sensors are quite sensitive to small deformations and justifying again the
high GF obtained experimentally (Figure 2B and 2C). These sensors can be used for speech
detection and monitoring applications where minimal and large deformations are involved.
To demonstrate the remarkable sensitivity of the developed porous sensor under static
pressure, different small objects having very light weights were placed on the top of the
sensor where the change in resistance was recorded as shown in Figure 3F. The sensor was
capable of detecting the weight of a grain of rice that weights approximately 20 mg as shown
in Figure 3F. Expectably, as the weight placed on top of the sensor increases, the
∆𝑅𝑅� increases, and a change of more than 10% was reported when ≈1 g weight was placed
𝑅𝑅0

on top of the sample (Figure 3F). The piezoresistive porous sensor proved that they can detect
very small forces (20 mN) that are in the lower limit of the detected forces by metallic strain
gauge films. [7, 26]

Furthermore, the human finger has a pressure differential sensitivity of 900 Pa, and tactile
spatial resolution from 0.8 mm to 1.6 mm, and frequency response of 0-400 Hz. [27] We tested
the pressure sensitivity of the foam sensor with a range of dead weights placed on top of a
sample with a cross-section of 20 mm x 20 mm. A small pressure of 34 Pa was clearly recorded
that when the weight was placed on top of the sensor (Figure 4), which is well below the
pressure differential sensitivity of a human finger. These characteristics of the foam sensors
closely match those of human fingertip, making them highly desirable for tactile and compliant
sensing elements embedded in smart prosthetic hands.
12

Arrays of sensors are often required to collect information at multiple points simultaneously.
A soft and interactive touch screen made of silicone, in which nine different sensors were
embedded and used as sensitive materials is shown in Figure 5A. Each sensor was connected
separately to a voltage divider circuit to read its corresponding change in resistance due to a
mechanical input. Also, each sensor was linked to a virtual LED to indicate its corresponding
state (ON or OFF). The sensitivity of the sensors to mechanical deformation can be easily and
directly tuned by changing the resistance threshold that activates the virtual LEDs in the
software. The screen is robust and capable of detecting single and simultaneous mechanical
inputs as shown in Figure 5B and 5C (See Movie S3). In addition, the acquired data can be
fed to a computer for further analysis to detect any object placed on the keyboard. These
sensors are suitable for soft and flexible touch screens where a light touch with tunable
sensitivity is required.
A soft interactive piano was built to demonstrate that the sensors could be used in interactive
human-machine interfaces that required fast response (Figure 5D). The soft piano is made of a
silicone base where distinct foam sensors are integrated. The piano keys can generate 8
different musical notes including Do (C), Re (D), Mi (E), Fa (F), Sol (G), La (A), Si (B) and
high Do (C). When a specific sensor is activated, a buzzer generates a corresponding note
with a specified frequency as shown in Figures 5E and 5F. Movie S4 shows that the soft
piano can be used to play songs interactively. Furthermore, these foam sensors can be applied
in diverse interactive soft human-machine interfaces such as interactive platforms for STEM
education and soft gaming platforms, thanks to their high speed of response.
The piezoresistive foams can be used as soft touch sensors in 3D printed and adaptive
grippers. A piezoresistive sensor was directly mounted to each finger of the gripper (Figure
5G), and the state of each sensor was displayed using a virtual LED and their corresponding
resistance change was displayed graphically as shown in Figure 5H and 5G. The resistance of
13

each sensor decreased when the gripper grasped the objects as the sensors were compressed
mechanically and the resistance of each sensor returned to its original value once the object
was released (Figure 5J). The gripper can grasp different objects with different shapes and
textures and detect any contact between the tip of its soft fingers and the objects being
handled as shown in Movie S5. All these results demonstrate that these sensors can be used in
soft adaptive grippers and other soft robotic applications where robust touch sensors are
required.

3. Conclusion
In summary, this work presents a novel and easy route to produce low-cost and highly porous
microstructure polymer nanocomposites based on biocompatible and biodegradable PGS
elastomer and MWCNTs. The results show that the microstructure of the material of the
sensor plays a very important role in its mechanical, electrical and electromechanical
performance. The introduction of pores into the material decreases its mechanical stiffness,
making it soft and highly elastic with good compressibility (i.e. forming a 3D conductive
network path) and negligible hysteresis. The developed sensors presented an outstanding GF
of -9.1 ± 0.9 with remarkable sensitivity, stability over time, repeatability, negligible
hysteresis and long lifetime. The foam sensors can sustain more than 1,200,000 compression
cycles (i.e. ~60 hours of continuous mechanical loading) without any degradation in their
mechanical and electrical performance. Furthermore, the porous architecture of these sensors
is responsible for their outstanding response to external vibrations at small and very high
frequencies (up to 300 Hz), which is the highest performance observed for polymer-based
piezoresistive sensors.
These porous sensors were able to detect very light weights (~20 mg) and consequently very
small forces (~200 mN) which proved their excellent sensitivity.
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This work demonstrates and lay the foundations for the synthesis and fabrication of functional
and robust sensors by combining the mechanical properties of elastomeric materials and the
electrical properties of the MWCNTs. The results of this study demonstrate the effect of the
nanocomposite microstructure on the electromechanical behavior, sensitivity, stability,
repeatability, reliability and longevity of the foam sensors developed. Overall, the
performance of the reported porous resistive sensors allows them to be integrated in diverse
applications including wearable sensors, human-machine interfaces and robotic touch sensors
and many others where robust and reliable sensor are required.

4. Experimental Section
Polymer Synthesis and Sample Preparation: Polyglycerol sebacate (PGS) pre-polymer was
prepared by mixing glycerol (Sigma-Aldrich) and sebacic acid (Sigma-Aldrich) in an
equimolar ratio at 120 °C in 250 mL round-bottom flask under argon atmosphere during 24 h.
After, sodium chloride (NaCl, Sigma-Aldrich) was added to the solution in the ratio of 1:4
(PGS:NaCl, w/w) and manually stirred during 5 min to promote a good dispersion of the
porogen in the polymer solution, followed by pouring the mixture into a mold and cured at
120 ºC during 96 h under low pressure (100 mTorr). Nanocomposite samples were prepared
by dispersing the desired amount of multiwall carbon nanotubes (MWCNTs) in
tetrahydrofuran (THF, Sigma-Aldrich) solvent, using an ultrasound bath (Bandelin, Sonorex
Super RK106) for 6 h. After, the PGS pre-polymer was added to the solution and stirred until
complete blending. The ratio of pre-polymer to THF was 1:5.5 (w/v), respectively. The
concentration of MWCNTs present in the mixture ranged between 0 to 7 wt% of conductive
filler present in the PGS matrix. Prior to pouring the solution into a mold, the porogen was
added according to the procedure followed for the PGS matrix, and the solvent was
evaporated at room temperature overnight, followed by the curing under vacuum, at 120 ºC
15

for 96 h. All samples were demolded and placed in ultrapure water (H2O, Milli-Q, Millipore)
to dissolve the porogen, and the water was changed frequently for 3 days. Finally, the samples
could dry at room temperature and stored at -30 ºC, until further use (Scheme 1).

Sample Characterization: The morphology of the sample was observed by scanning electron
microscopy (7500 JEOL) after being coated with a gold layer (Smart Coater, JEOL). Foams
apparent density (𝜌𝜌𝑓𝑓 ) was calculated by measuring the weight (OHAUS EX125) and volume

of the porous cylinder, according to:

𝜌𝜌𝑓𝑓 =

𝑊𝑊𝑠𝑠
𝑉𝑉𝑎𝑎

(4)

where, 𝑊𝑊𝑠𝑠 and 𝑉𝑉𝑎𝑎 are the weight and volume of the dry sample, respectively. The density of
the polymer (𝜌𝜌𝑓𝑓 ) was measured by the pycnometer method, and calculated according to:
𝜌𝜌𝑝𝑝 =

𝑊𝑊𝑠𝑠
∗ 𝜌𝜌
𝑊𝑊1 − (𝑊𝑊2 − 𝑊𝑊𝑠𝑠 ) 𝐻𝐻2 𝑂𝑂

(5)

where, 𝑊𝑊1 is the weight of the pycnometer filled with ultrapure water, 𝑊𝑊2 is the weight of the
sample immersed in ultrapure water, and 𝜌𝜌𝐻𝐻2 𝑂𝑂 is the density of the water at 22ºC (𝜌𝜌𝐻𝐻2 𝑂𝑂 =
0.997770 g.cm3). Additional H2O was added to complete the volume of the pycnometer.

The porosity (𝜀𝜀) of the foams was determined by the pycnometer method. Briefly, the

pycnometer was filled with ultrapure water and labelled as 𝑊𝑊1 , the dry sample was immersed
in ultrapure water, and additional H2O was added to complete the volume of the pycnometer

(𝑊𝑊2 ). After weighting the system, the sample was taken out of the pycnometer, and the

residual weight of the pycnometer and the water was labelled 𝑊𝑊3 . The porosity of the foams

was calculated as follows:
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𝜀𝜀 =

𝑊𝑊2 − 𝑊𝑊3 − 𝑊𝑊𝑠𝑠
𝑊𝑊1 − 𝑊𝑊3

(6)

The porosity value is presented as the average and the standard deviation of five separate
experiments.
The electrical conductivity of the sample was measured with an automated picometer/voltage
source (Keithley 487). The I-V data was collected between two silver contacts (∅ = 5 𝑚𝑚𝑚𝑚)
placed on the top and bottom surfaces of a ~ 6 mm thick foam. The applied voltage ranged

between -5 and +5 V, and the volume resistivity (𝜌𝜌) of the sample was calculated as follows:

𝜌𝜌 =

𝑅𝑅𝑅𝑅
𝑡𝑡

(7)

where 𝑅𝑅, 𝐴𝐴 and 𝑡𝑡 are the sample resistance, the area of the silver contacts and the thickness of
the foam, respectively. The electrical conductivity (𝜎𝜎) was calculated from 𝜎𝜎 = 1�𝜌𝜌.

The mechanical properties were measured under compression mode at speed of 1.0 mm/min
with a universal testing machine (EZ-X, Shimadzu) fitted with 10 N load cell. Cylindrical
shape samples were used, with a diameter of 5 mm and a height of ~6 mm. Five independent
measurements were performed for each sample, and all experiments were performed at room
temperature.
Fourier-transform infrared spectroscopy (FTIR) was measured with an IRAffinity-1S
(Shimadzu) equipped with an attenuated total reflection (ATR) module. The FTIR spectra was
recorded between 4000 – 600 cm-1, after 63 scans with a 1.0 cm-1 resolution. The Raman
spectra was recorded with a Horiba Jobin Yvon LabRAM HR 800 Raman spectrometer using
the excitation of He-Ne (632.8 nm) with a power of 13.5 mW. Differential scanning
calorimetry (DSC) was recorded with a DSC 214 Polyma (Netzsch). Samples with around 6.0
17

mg were placed cut into small pieces and placed inside a 40 µL aluminum pans and heated
between -40 to 40 ºC, at a heating scan of 10º C/min. Thermogravimetric analysis (TGA) was
measured using a Perkin-Elmer TGA 4000. The samples were place inside alumina pans and
heated from 40 ºC up to 600 ºC, at a heating rate of 20 ºC/min. All thermal analysis (DSC and
TGA) was performed under a nitrogen atmosphere.

Electromechanical Performance: The foam samples were placed between two parallel plates
that were mounted in an EZ-X universal testing machine (Shimadzu) fitted with a 10 N load
cell. The mechanical measurement was performed under a compressive load at room
temperature using different strain rates (10, 20 and 40 mm/min) and strains of 10, 20 and
50%. Conductive silver tape was placed on the top and bottom of the sample to form
conductive electrodes. The electrical response of the sample was acquired using a data
acquisition system (NI USB-6008, National Instruments, USA) with a sampling rate of 1 kHz.
The data acquired was visualized and stored using LabVIEW (LabView 2017, National
Instruments, USA).
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Acknowledgements
This study is supported by ARC Centre of Excellence for Electromaterials (ACES) (Grant No.
CE140100012).
Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

References
[1]
[2]

F. Hartmann, M. Drack, M. Kaltenbrunner, 2018, 3, eaat9091.
G.-Z. Yang, J. Bellingham, P. E. Dupont, P. Fischer, L. Floridi, R. Full, N. Jacobstein,
V. Kumar, M. McNutt, R. Merrifield, B. J. Nelson, B. Scassellati, M. Taddeo, R.
Taylor, M. Veloso, Z. L. Wang, R. Wood, 2018, 3, eaar7650.
18

[3]

[4]
[5]
[6]
[7]
[8]
[9]

[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]

a) M. Amjadi, K.-U. Kyung, I. Park, M. Sitti, Advanced Functional Materials 2016,
26, 1678; b) H. Gu, H. Zhang, C. Ma, H. Sun, C. Liu, K. Dai, J. Zhang, R. Wei, T.
Ding, Z. Guo, Journal of Materials Chemistry C 2019, 7, 2353.
W. Wu, Science and Technology of Advanced Materials 2018, DOI:
10.1080/14686996.2018.1549460null.
A. Tewari, S. Gandla, S. Bohm, C. R. McNeill, D. Gupta, ACS Applied Materials &
Interfaces 2018, 10, 5185.
R. Rai, M. Tallawi, A. Grigore, A. R. Boccaccini, Progress in Polymer Science 2012,
37, 1051.
A. Qiu, P. Li, Z. Yang, Y. Yao, I. Lee, J. Ma, Advanced Functional Materials 2019, 0,
1806306.
Kenry, J. C. Yeo, C. T. Lim, Microsystems &Amp; Nanoengineering 2016, 2, 16043.
a) Z. Wang, X. Guan, H. Huang, H. Wang, W. Lin, Z. Peng, Advanced Functional
Materials 2018, 0, 1807569; b) H. Liu, M. Dong, W. Huang, J. Gao, K. Dai, J. Guo,
G. Zheng, C. Liu, C. Shen, Z. Guo, Journal of Materials Chemistry C 2017, 5, 73; c)
H. Li, K. Wu, Z. Xu, Z. Wang, Y. Meng, L. Li, ACS Applied Materials & Interfaces
2018, 10, 20826.
a) Y. Yan, V. Sencadas, J. Zhang, G. Zu, D. Wei, Z. Jiang, Composites Science and
Technology 2017, 142, 163; b) Y. Yan, M. Potts, Z. Jiang, V. Sencadas, Composites
Science and Technology 2018, 162, 14.
Y. Yan, V. Sencadas, T. Jin, X. Huang, W. Lie, D. Wei, Z. Jiang, Journal of Colloid
and Interface Science 2018, 521, 24.
Y. Yan, V. Sencadas, J. Zhang, D. Wei, Z. Jiang, Advanced Materials Interfaces 2017,
4, 1700484.
A. J. Marsden, D. G. Papageorgiou, C. Vallés, A. Liscio, V. Palermo, M. A. Bissett,
R. J. Young, I. A. Kinloch, 2D Materials 2018, 5, 032003.
a) J.-F. Gao, Z.-M. Li, Q.-j. Meng, Q. Yang, Materials Letters 2008, 62, 3530; b) W.
Bauhofer, J. Z. Kovacs, Composites Science and Technology 2009, 69, 1486.
D. Stauffer, A. Aharony, Introduction To Percolation Theory: Revised Second Edition,
CRC Press, 2014.
C. Li, G. Guan, R. Reif, Z. Huang, R. K. Wang, Journal of The Royal Society
Interface 2012, 9, 831.
L. H. Sperling, Introduction to physical polymer science, Wiley, New York 1992.
a) D. I. Bower, An Introduction to Polymer Physics, Cambridge University Press,
2002; b) L. H. Sperling, Introduction to Physical Polymer Science, Wiley, 2015.
a) Y. Li, J. Chen, L. Huang, C. Li, J.-D. Hong, G. Shi, Advanced Materials 2014, 26,
4789; b) T. Wang, J. Li, Y. Zhang, F. Liu, B. Zhang, Y. Wang, R. Jiang, G. Zhang, R.
Sun, C.-P. Wong, Chemistry – A European Journal 2019, 0.
X. Yin, T. P. Vinod, R. Jelinek, Journal of Materials Chemistry C 2015, 3, 9247.
W. Dobie, P. C. Isaac, Electric Resistance Strain Gauges, English University Press,
London 1948.
J. T. Muth, D. M. Vogt, R. L. Truby, Y. Mengüç, D. B. Kolesky, R. J. Wood, J. A.
Lewis, Advanced Materials 2014, 26, 6307.
Z. Tang, S. Jia, S. Shi, F. Wang, B. Li, Sensors and Actuators A: Physical 2018, 284,
85.
H. J. Lee, W. W. Lee, S. K. Kim, H. Park, H. S. Jeon, H. B. Kim, B. S. Jeon, K. S.
Park, Journal of the Neurological Sciences 2016, 362, 272.
S. Agarwala, G. L. Goh, T.-S. Dinh Le, J. An, Z. K. Peh, W. Y. Yeong, Y.-J. Kim,
ACS Sensors 2019, 4, 218.
D. M. Stefanescu, Handbook of Force Transducers: Principles and Components,
Springer Berlin Heidelberg, 2011.
19

[27]

[28]
[29]

[30]

[31]
[32]
[33]

a) R. S. Johansson, A. B. Vallbo, The Journal of physiology 1979, 286, 283; b) P.
Dario, D. D. Rossi, IEEE Spectrum 1985, 22, 46; c) K. Kotani, S. Ito, T. Miura, K.
Horii, Journal of Physiological Anthropology 2007, 26, 143; d) G. A. Gescheider,
Perceptual and Motor Skills 1974, 38, 15; e) A. P. Sarvazyan, V. A Egorov, N. A
Sarvazyan, in Biosensors and Molecular Technologies for Cancer Diagnostics (Ed: A.
R. Keith E. Herold), CRC Press 2011, p. 339.
S. Salehi, M. Fathi, S. H. Javanmard, T. Bahners, J. S. Gutmann, S. Ergün, K. P.
Steuhl, T. A. Fuchsluger, Macromolecular Materials and Engineering 2014, 299, 455.
a) Y. Yan, V. Sencadas, T. Jin, X. Huang, J. Chen, D. Wei, Z. Jiang, Journal of
Colloid and Interface Science 2017, 508, 87; b) H. M. Aydin, K. Salimi, M. Yilmaz,
M. Turk, Z. M. O. Rzayev, E. Pişkin, Journal of Tissue Engineering and Regenerative
Medicine 2016, 10, E14.
a) B. K. Kaushik, M. K. Majumder, in Carbon Nanotube Based VLSI Interconnects:
Analysis and Design, DOI: 10.1007/978-81-322-2047-3_2 (Eds: B. K. Kaushik, M. K.
Majumder), Springer India, New Delhi 2015, p. 17; b) L. Bokobza, J. Zhang, Express
Polym. Lett. 2012, 6, 601.
A. K. Gaharwar, A. Patel, A. Dolatshahi-Pirouz, H. Zhang, K. Rangarajan, G. Iviglia,
S.-R. Shin, M. A. Hussain, A. Khademhosseini, Biomaterials Science 2015, 3, 46.
Z. Ma, A. Wei, J. Ma, L. Shao, H. Jiang, D. Dong, Z. Ji, Q. Wang, S. Kang, Nanoscale
2018, 10, 7116.
Y.-h. Wu, H.-z. Liu, S. Chen, X.-c. Dong, P.-p. Wang, S.-q. Liu, Y. Lin, Y. Wei, L.
Liu, ACS Applied Materials & Interfaces 2017, 9, 20098.

20

Figure 1. Nanocomposite samples morphology: (A) PGS matrix (B) PGS sample with 3 wt%
MWCNTs (Inset: a nanocomposite sample placed on top of a dandelion). (C) PGS sample
with 5 wt% MWCNTs. (D) PGS sample with 7 wt% MWCNTs (Inset: MWCNTs details on
the cross-sectional surface area of the sample). (E) Evolution of the sample porosity with the
amount of MWCNTs content. (F) Nanocomposite electrical conductivity behavior (Inset:
linear fit according to the percolation threshold theory). (G) Representative compressive
stress-strain curves obtained for the MWCNT-PGS foams. (H) Evolution of nanocomposite
Young’s modulus and cross-linking density for the MWCNT-PGS foams.
21

Figure 2. Electromechanical performance of the polymeric foam sensors: (A) Response of the
nanocomposite foam under a cyclic compressive load. (B) Evolution of GF with the applied
strain. (C) Evolution of GF with the applied stroke speed. (D) Electrical resistance changes as
a function of time at different applied strains and a rate of 100 mm/min. (E) Stress and
electrical relaxation behavior of the piezoresistive sensor under a static deformation. (F)
Evolution of the piezoresistive response after 1,200,000 cycles.
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Figure 3. Foam sensors potential applications: (A) Schematic representation of the vibration
setup used. (B) Electromechanical shaker displacement and the change of resistance reported
at 1.0 Hz. (C) 300 Hz. (D) Monitoring the walking and running patterns of a user. (E)
Detecting various activities of a user such as drinking and speaking. (F) Resistance change of
the foam sensor when objects with very light weights were placed on its top.
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Figure 4. Evolution of the ∆𝑅𝑅�𝑅𝑅 when a small pressure of 34 Pa is applied to the
0
piezoresistive sensor.
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Fig. 5. Foam sensors additional potential applications: (A) Concept of the touch screen
developed. (B) Single dot activation and (C) multiple dot activation. (D) Scheme of the piano
used. (E) Pressing the Do and (F) Mi notes. (G) The Soft gripper with the sensors attached on.
(H) Variation of the electrical resistance before, (I) during and (J) after releasing a tennis ball.
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Scheme 1. The design and technological flow chart of MWCNT-PGS piezoresistive sensors:
(1) Prepolymer synthesis, (2) Mixing the prepolymer with MWCNTs and NaCl crystals, (3)
Pouring and spreading the mixture into a mold, (4) Curing the mixture at a temperature of 120
ºC and at a pressure of 100 mTorr, (5) Demolding of the MWCNT-PGS samples, (6)
Dissolving the NaCl porogen, (7) Morphology of the porous piezoresistive sensor obtained.
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Figure S1. (A) Mechanical loading-unloading behaviour for 50 % strain and 40 mm/min
stroke speed for the PGS and (B) MWCNT-PGS with 7wt% conductive filler. (C) Evolution
of the mechanical energy loss.

Fourier-transform infrared spectroscopy (FTIR, Figure S2A) showed that the PGS matrix
present a broad absorption band between 3300 and 3800 cm-1 attributed to the hydroxyl bond
stretch vibration [28]. The absorption band at 2923 cm-1 and 2845 cm-1 is a characteristic of the
asymmetric and symmetric stretching band of the CH2. The carbonyl ester group (C=O)
absorption band appears at 1736 cm-1. A CH3 and C – O vibration bands can be observed at
1456 cm-1 and 1185 cm-1, respectively [29]. Furthermore, the Raman spectra of the MWCNTPGS elastomeric samples (Figure S2B) present two characteristic absorption bands. The first
band at 1360 cm-1 is attributed to the distorted or D-band of the MWCNTs and the second
28

band at 1580 cm-1 is attributed to the G-band corresponding to the graphite-like in-plane
vibration of the C – C bond of the conductive filler [10a] followed by a shoulder at 1604 cm-1
which is a characteristic of defective graphite-like materials [30]. The disorder of MWCNTs
𝐼𝐼
can be assessed by measuring the intensity ratio between the D-band and the G-band ( 𝐷𝐷�𝐼𝐼 )
𝐺𝐺
[10, 30b]

. Figure S2C shows that the

𝐼𝐼𝐷𝐷
�𝐼𝐼 is higher for the cured nanocomposites when
𝐺𝐺

compared with pristine MWCNTs, due to the increase of polymer chains attached to its
surface [10], and corroborates the increase of the cross-linking density and mechanical
behavior observed for the MWCNT-PGS foams (Fig. 2G and H).
The PGS matrix has a glass transition temperature (𝑇𝑇𝑔𝑔 ) around -10 ºC and a melting transition

(𝑇𝑇𝑚𝑚 ) of ~8 ºC (Figure 3E). When the MWCNTs are added to the prepolymer prior to curing, a
decrease in the 𝑇𝑇𝑔𝑔 and 𝑇𝑇𝑚𝑚 shows that the polymer nanocomposite has a higher cross-linking
density (Figure 2H) that leads to a more amorphous polymer matrix. However, at room

temperature all the crystalline regions of the PGS are melted and the material behaves has an
elastomer [6, 10].
The thermal decomposition the MWCNT-PGS foams occurs in a single step (Figure S2E),
and the sample residual weight, calculated at 550 ºC, shows an increase from 3.7 ± 0.3wt%
for the pure PGS up to 18.1 ± 0.2wt% for the sample with 7wt% of MWCNTs. This increase
in the residual weight after the thermal decomposition of the sample is due to an increase in
the number of chemical cross-links present in the nanocomposite foams (Figure 2H). In other
words, the incorporation of MWCNTs in the prepolymer facilitates the formation of an
elastomeric 3D network that decreases the flexibility the PGS backbone [31], retards chain
motion and leads to an increase in the residue at high decomposition temperatures.
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Figure S2. MWCNT-PGS nanocomposite foams: (A) Infrared spectroscopy measurements
(B) Raman spectra analysis (C) MWCNTs D-band and G-band intensity ratio obtained from
the Raman spectra. (D) DSC plots for the PGS and PGS nanocomposite foams. (E) Thermal
degradation profiles (F) Evolution of the sample residue at 550 ºC.
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The polymeric nanocomposite foams present a stable electrical resistance when submitted to a
static deformation (Figure S3a S3B).

Figure S3. Mechanical and electrical relaxation for an applied strain of (A) 10% and (B)
20%.
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The output electrical response of the sensor even after 61 hours of experiment is like the
signal generated by the electromechanical shaker, without noticeable lost in performance
(Figure S4).

Figure S4. The foam sensor electrical output after: (A) 90,000 cycles, (B) 432,000 cycles,
(C) 864,000 cycles and (D) 1,200,000 cycles.
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Table S1. The different physio-chemical properties of the foam sensors.
MWCNTs

Nanocomposite

Foam density

Mc

amount

density

(g/cm3)

kg/mol

(%)

(g/cm3)

0

2.2 ± 0.2

0.4 ± 0.1

1000 ± 167

3

2.3 ± 0.2

0.4 ± 0.2

850 ± 110

5

2.2 ± 0.3

0.4 ± 0.2

626 ± 82

7

2.3 ± 0.2

0.4 ± 0.1

415 ± 48

The linear displacement of the shaker that corresponds to the mechanical strain applied on the
foam sensor at each specified frequency was measured using a high-resolution laser sensor
(Micro-Epsilon, optoNCDT 1700-50). The applied strains applied at different frequencies are
listed in S2.

Table S2. Mechanical strain applied by the shaker at each applied frequency.
Frequency
(Hz)

(%)

1

7.9

5

15.7

10

15.9

25

13.7

50

21.4

100

2.2

150

1.0

200

0.8

250

0.5

300

0.3
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𝜺𝜺

Table S3. The performance of various resistive type pressure sensors.
Sensor

𝜺𝜺

𝐆𝐆𝐆𝐆

Maximum stability

Response time

(cycles)

(ms)

Ref.

materials

(%)

MWCNT-PU

86

0.05 – 2.3

5,000

≈30

[5]

Graphene

50

0.27

100

-

[19a]

50

0.86 – 1.75

-

-

[32]

50

0.79-1.46

500

-

[19b]

46

1.09-4.43

1,000

9

[33]

1.0-9.1

1,200,000

<3

This work

monoliths
MWCNTrGO-PU
Graphene
monoliths
Au-PU

MWCNT-PGS 50
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